Abstract: Enzymatic ring-opening copolymerization of lactones was carried out by using Pseudomonas f luorescens lipase in bulk. In the copolymerizaton of r-caprolactone (E-CL) and b-valerolactone at 60°C for 10 days a copolymer with molecular weight of 3.7 x 103 was obtained and its structure was found to be of random structure having both units from 13C NMR anlaysis. Effects of the feed ratio, the reaction time and temperature on the copolymerization have been examined. The enzymatic copolymerization of e-CL with other lactones and D-lactide also gave corresponding copolymers.
Introduction. Enzymatic polymerizations provide a new synthetic method of polymers whose synthesis is otherwise difficult and possess much potential for synthesis of polymers with novel structures and properties. 1) Typical examples are the first synthesis of cellulose viaa non-biosynthetic path by the polymerization of f3-cellobiosyl fluoride using cellulase enzyme as catalyst2~ and preparation of an optical active polyester by the enantioselective polymerization of epoxide-containing diester and diol monomers catalyzed by lipase.3~ Recently, it has been reported that an oxidative polymerization of o-phenylenediamine catalyzed by horseradish peroxidase gave a soluble polymer consisting mainly of an iminophenylene unit,4~ which was not possible to be prepared by a conventional oxidative polymerization.
Almost all of the enzymatic polymerizations hitherto reported were of polycondensation type to give polyesters,5>,6> polyamides,7~ polyacetals,2~ and polyaromatics.4~ Very recently, enzymatic polymerization was extended to a ring-opening polymerization; sixand seven-membered lactones (b-valerolactone (b-VL) and E-caprolactone (r-CL), respectively) were polymerized by lipase catalyst to a polyester.8
In order to extend the scope of the enzymatic ring-opening polymerization, the present study deals with the ring-opening copolymerization of lactone derivatives catalyzed by lipase derived from Pseudomonas f luorescens (lipase P). The monomers used were non-substituted lactones of y-butyrolactone (y-BL), b-VL, r-CL, and 15-pentadecanolactone (PDL), and w-methyl lactones of 8-caprolactone (b-CL) and rheptanolactone (£-HL), and D-lactide (DLA).
[Vol. 69(B), Materials and methods. Materials. c-HL was synthesized according to the literature.9~ Other monomers were commercially available and purified by distillation over calcium hydride or recrystallization. Lipase P was purchased from Cosmo Bio Co. (Tokyo) and used without further purification.
Enzymatic copolymerization. A typical run was as follows (entry 7). c-CL, b-VL (0.5 mmol each), and lipase P (50 mg) were placed in a dried test tube and sealed. The tube was kept at 60°C for 20 days. The reaction mixture was extracted with chloroform and the part of the organic solution was separated by filtration. The filtrate was analyzed by gel permeation chromatography (GPC) and gas chromatography (GC) in order to determine the conversions of both monomers and the molecular weight of the copolymer. The copolymer was isolated by the reprecipitation procedure (chloroform as good solventhexane as poor solvent).
Measurements. GPC analysis was performed using a Toso SC8010 apparatus with a refractive index (RI) detector under the following conditions: TSKgel G3000HHR or Gelpack GL-A150 column and chloroform eluent at a flow rate of 1.0 mLlmin. The calibration curves for GPC analysis were obtained using polystyrene standards. GC analysis was carried out using a Shimadzu GC-8A. 1H and 13C NMR spectra were recorded on a 250 MHz Bruker AC-250T spectrometer.
Results and discussion. The ring-opening copolymerization was performed in bulk using lipase P as catalyst. Table I shows results of the copolymerization of E-CL and 8-VL. The copolymerization in the equimolar feed ratio of both monomers at 45°C for 10 days afforded a copolymer with molecular weight of 3.4 x 103 (entry 1). The conversion of c-CL was smaller than that of 8-VL. This tendency was similar to that of the homopolymerization of the respective monomer under the similar conditions; the rate of the polymerization of c-CL was smaller than that of b-VL.8~ At an elevated temperature of 60°C for the same reaction time (10 days), the conversions of both monomers were more than 90%. It is to be noted that in the absence of lipase P both monomers remained unchanged under the similar reaction conditions. The molecular weight of the copolymer prepared in the equimolar feed ratio at the temperatures examined was almost the same (entries 1, 5, and 10). In the polymerizations of c-CL and b-VL, the molecular weight increased as the polymerization temperature increased. In the copolymerization of 1:1 feed ratio at 60°C, the molecular weight of the copolymer increased with increasing the polymerization time (entries 4, 5, and 7). The monomer conversion of E-CL was lower than that of b-VL in the copolymerization for 5
days. Both monomers were quantitatively copolymerized for the reaction time longer than 10 days.
The effect of the feed ratio upon the molecular weight was examined in the copolymerization at 60°C for 10 days (entries 3, 5, and 8). In all cases examined, the monomer conversions of both monomers were very high. The molecular weight of the copolymer was intermediate between those of the homopolymers of E-CL and b-VL (entries 2 and 9). As the feed ratio of E-CL increased, the molecular weight increased. The structure of the copolymer was confirmed by iH and 13C NMR spectroscopies by using the copolymer sample of entry 7. In the iH NMR spectrum, four large peaks were observed; a multiplet peak at b 4.0 is due to methylene protons of -CH2OC(=0)-(2H) and a peak at 8 2.3 is ascribable to methylene protons of -CH2C(=0)-(2H), and a multiplet peak at b 1.6 is due to methylene protons of -C(=0)CH2CH2CH2CH2O-(4H) from poly (b-VL) and -C(=0)CH2CH2CH2CH2CH2O-(4H) from poly (£-CL), and a peak at b 1.3 is [Vol. 69(B), due to methylene protons of -C(=O)CH2CH2CH2CH2CH2O-(2H) from poly (s-CL). In the former three peaks, both units of poly (s-CL) and poly(b-VL) are overlapped. From the ratio of the integrated area of peaks at b 1.6 and 1.3, the unit ratio of s-CL was calculated as ca. 50%, supporting that the both monomers were quantitatively consumed to produce a copolymer consisting of almost the same content of the both units. Furthermore, a small triplet peak was observed at b 3.6, which is ascribed to a methylene protons attached to the terminal hydroxyl group. Fig. 1 shows 13C NMR spectrum measured in CDC13. Peaks' assignment was made according to the data of each homopolymer.10) Peaks A, C, and D are consisted of each two peaks owing to the slight difference of the chemical shift of the both units. In the enlarged peak B (the upper part of Fig. 1 ), four peaks were observed.
In the statistical case of a binary copolymer, there are four different dials. These four peaks correspond to the four dials. The peaks' assignment is as follows.
The peak area of the four peaks was almost the same, indicating that the present copolymer is randomly arranged by both units of s-CL and b-VL. The enzymatic copolymerizations of s-CL with other lactones were carried out in bulk at 60°C for 10 days. In the case of the copolymerization of s-CL with y-BL, a homopolymer of £-CL was obtained. y-BL has been known not to be polymerized by lipase catalyst. 11) On the other hand, the copolymerizations of s-CL with PDL, b-CL, and E-HL in the equimolar feed ratio afforded the corresponding copolymers with molecular weight of 2.1 x 103, 2.7x 103, and 1.4x 103, respectively.
Furthermore, s-CL was enzymatically copolymerized with lactide (DLA) (75: 25 molar feed ratio) to give a copolymer with lower molecular weight of 8.4x 102. The mechanism is proposed for the present enzymatic ring-opening polymerization of lactones as follows. First, the ring-opening of the lactone with water, perhaps contained in the enzyme, afforded w-hydroxycarboxylic acid. There are two possible routes of the propagation; one is the esterification of two molecules of the hydroxycarboxylic acid and the other is the trans-esterification of the hydroxycarboxylic acid with the lactone. The both reactions may take place competitively.
In conclusion, the enzymatic ring-opening copolymerization of E-CL with lactones and DLA using lipase P as catalyst afforded the copolyesters. More detailed studies of the present enzymatic copolymerization are now in progress.
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